Mesoporous graphene materials (MG-X) were prepared from potassium humate coupled with magnesium acetate. The freezedrying pretreatment and MgO particles not only prevent the agglomeration of graphene sheets and form mesopores but also help to reduce the oxygen content and enlarge the sp 2 carbon domain of MG-X. MG-X possess optimized characteristics including large specific surface area (>1100 m 2 ·g −1 ), high mesoporosity (~90%), and low oxygen content (~7%). When used as supercapacitor electrodes, MG-X demonstrate optimal electrochemical performances among all materials prepared here, such as high gravimetric capacitance (150 F·g −1 at high current density of 3.3 A·g −1
Introduction
As an advanced energy storage device, supercapacitors have attracted considerable attention in recent years due to their excellent properties such as high rate capability and long cycle life [1, 2] . Up to now, the electrodes used in most commercial supercapacitors are made of carbon materials [3] . Based on the energy storage mechanism of supercapacitors, it is of great significance to design and produce carbon materials with a combination of high specific surface area, suitable pore size distribution, and good electrical conductivity. Graphene, a single atomic layer of graphite consisting of sp 2 -hybridized carbon atoms in a honeycomb lattice [4] , is particularly suitable for supercapacitor applications because of its excellent characteristics including high specific surface area and superb electronical conductivity [5] . However, graphene sheets easily suffer from unavoidable restacking owing to the strong π-π interactions between graphene layers during preparation and subsequent processing [1, 6] . Consequently, some unique and excellent properties that individual graphene sheets possess such as high specific surface area and peculiar electron transport behaviors are significantly compromised or even unavailable in an assembly [7] . Therefore, the actual specific capacitances of graphene-based supercapacitor electrodes are usually lower than the theoretical values [8, 9] . It was found that incorporating pores into the graphene architectures to fabricate porous graphene materials can provide a good solution to the issue of aggregation or sheet-to-sheet restacking [10, 11] . In comparison with micropores and macropores, mesopores in graphene are more beneficial to enhance electrochemical performance of the corresponding electrodes by serving as an expressway for electrolyte ion diffusion and providing low resistances for charge transfer [6, 12] .
Currently, the most promising approach to synthesize graphene at a large scale involves the ultrasonic exfoliation of graphite oxide to generate graphene oxide and followed by reduction to restore the sp 2 carbon network. Moreover, graphite oxide is typically synthesized from graphite powders by harsh oxidation based on potassium permanganate and concentrated sulfuric acid according to the Hummers method. For the preparation of mesoporous graphene materials, some efforts have been demonstrated by various strategies, in which the graphite oxide or graphene oxide were usually used as the starting materials [2, 13, 14] . According to the facts described above, there are three factors that should be considered for the synthesis of mesoporous graphene materials-the preparation of graphite oxide or graphene oxide, the formation of mesopores, and the reduction process. Evidently, such synthesis strategy of mesoporous graphene materials is potentially plagued by a tedious synthesis process, environmental concern, and even explosion risk [15] . It is very imperative to develop facile and efficient approaches to synthesize mesoporous graphene materials for supercapacitor applications.
Humic acid, a natural graphite oxide-like material [16] containing a number of oxygenated groups around the edges of the graphene-like core, has been used as a precursor to prepare graphene-related materials [17, 18] . Water-soluble potassium humate is a neutralized product of insoluble humic acid and KOH. Potassium humate has been adopted as a graphite oxide-like material to prepare reduced graphite oxide for supercapacitor electrode material [19] . Herein, we present a facile synthesis of mesoporous graphene materials via freeze drying followed by carbonizing the mixture of potassium humate and magnesium acetate. The solubility advantage of potassium humate and magnesium acetate in water can be taken to realize their homogenous mixing in nanoscale, which further helps to incorporate MgO particles among graphene layers. Furthermore, those three issues influencing the synthesis of mesoporous graphene materials can be addressed facilely and simultaneously. The morphology, microstructure, and composition of the as-prepared mesoporous graphene materials were investigated in detail. The electrochemical performances of the corresponding supercapacitor electrodes were also evaluated in terms of galvanostatic charge-discharge, cyclic voltammetry, electrochemical impedance, and cycling performance.
Experimental
2.1. Material Preparation. All chemical reagents used in this experiment are of analytical grade without any further purification. The potassium humate and magnesium acetate were purchased from Yiliang humic acid Co. and Shanghai Chemical Co. in China, respectively. Magnesium acetate and potassium humate (with the mass ratios of 1, 3, and 5) were dissolved in 400 ml deionized water, followed by stirring overnight and subsequent freeze drying. The resultant solid mixtures were directly carbonized in a tube furnace at 800°C for an hour with a heating rate of 5°C·min −1 under nitrogen atmosphere. After cooling naturally to room temperature, the carbonized materials were washed with diluted hydrochloric acid, rinsed with deionized water until pH = 7, and dried at 110°C for 2 h. The obtained mesoporous graphene materials were nominated as MG-X, where X stands for the mass ratio of magnesium acetate to potassium humate correspondingly. For comparison, MC was prepared following the same procedure without the addition of magnesium acetate and MC-X were obtained without the freeze-drying process.
2.2. Characterization. The morphology of as-prepared materials was observed by scanning electron microscope (SEM, JSM-6390LV, and JEOL) and transmission electron microscopy (TEM, JEM-2100, and JEOL). N 2 adsorptiondesorption isotherms were measured using a Quantachrome Autosorb-iQ-MP analyzer at 77 K. The specific surface area (S BET ) was calculated from the isotherm using the Brunauer-Emmett-Teller method, and the total pore volume (V t ) was determined according to the N 2 adsorption at the relative pressure (P/P 0 ) of 0.99. The micropore volume (V mic ) was determined by the t-plot method, and the mesopore volume (V mes ) was calculated by the difference of total pore volume and micropore volume. Before the test, the samples were degassed at 200°C for 10 hours to remove the water vapor and other foreign gas matters. X-ray photoelectron spectroscopy (XPS) (Thermo ESCALAB 250Xi) was used to investigate the surface chemical composition. Raman spectra were obtained with an inVia Ar ion laser (Renishaw, UK) using a 520 nm exciting radiation.
Electrochemical Measurements.
The electrodes were prepared by pressing a homogeneous mixture of mesoporous graphene materials (85 wt.%), black carbon (10 wt.%), and polytetrafluoroethylene (5 wt.%) under the pressure of 10 MPa. A sandwich two-electrode system was used to test the galvanostatic charge/discharge (GCD), cyclic voltammetry (CV), and cycle performance in 3 mol·L −1 KOH electrolyte by the supercapacitor testing system (SCTS, Arbin, USA). The GCD was performed with the voltage varying from 0.05 to 0.9 V and the current from 0.85 to 85 mA. The gravimetric capacitances (F·g −1 ) were calculated from the following:
where I (A) is the constant current, m (g) is the mass of the active material in the single electrode, and △t/△V is calculated from the slope of the discharge curve. The CV measurements were conducted at different scan rates between 1 and 20 mV·s
. The electrochemical impedance spectroscopy (EIS) was recorded at frequencies from 100 kHz to 1 mHz with the electrochemical test system (Parstat2273, USA).
Results and Discussion
As shown in Figure 1(a) , MG-1 exhibits bulk amorphous structure with some thin layers at the edge (see red rectangle in Figure 1(a) ). Figure 1(b) shows that MG-3 displays three-dimensional (3D) loose and lamellar structure with the silky and wavy surface, suggesting the formation of porous graphene sheets. MG-5 shows an interconnected, wrinkled, and porous framework, which is mainly fabricated by thin graphene sheets (Figure 1(c) ) and similar to the 3D mesoporous graphene [20] . The TEM image in Figure 1(d) indicates that MG-5 has a rough surface with intrinsic wrinkles and lots of interconnected nanopores on the surface, similar to the 3D porous graphene reported [21] . The selected area electron diffraction pattern (SAED) exhibits a 3 Journal of Nanomaterials perfect hexagonal pattern (inset of Figure 1(d) ), demonstrating the graphitic crystalline nature and few-layer graphene feature of MG-5 [22, 23] . Figure 1 (e) shows a highresolution TEM image of MG-5, in which few-layer graphene sheets with clear lattice structure were observed. The interplanar distance was measured to be~0.34 nm corresponding to (0 0 2) planes of graphitic carbon, confirming its good crystallinity [24] . However, MC presents micron-level-thick sheets with smooth surface (Figure 1(f) ), suggesting the stacking configuration of graphene sheets without the addition of magnesium acetate. Moreover, MC-3 demonstrates a porous structure having no apparent thin graphene sheets (Figure 1(g) ), only indicating the pore-forming effect of the MgO template. Therefore, the MgO particles derived from magnesium acetate and freeze-drying pretreatment both play key roles in preventing the restacking of graphene layers and generating pores in MG-X.
The nitrogen adsorption-desorption isotherms of MG-X exhibit combined characteristics of type I and type IV (Figure 2(a) ) [25] , the apparent hysteresis loops suggest the dominant presence of mesopores. MC displays a steep uptake below P/P 0 = 0.01 and subsequent saturated adsorption platform, indicating the existence of micropores in large quantity [26, 27] . Figure 2(b) shows the pore size distribution (PSD) curves, MG-X display almost the same PSD with the MC's, the pore width range is less than 5 nm, while a remarkable increase happened to the pore volume that the relative pore width range is larger than 5 nm. The pore structure parameters are summarized in Table 1 , MG-X have higher S BET (1100~1300 m 2 ·g −1 ) and much larger total pore volume, mesopore volume, and mesoporosity (reaching up to 81.6%, 88.7%, and 90.4%, resp.) than MC's. Specifically, the S BET and mesoporosity of MG-X are also higher than those of the mesoporous graphene materials reported [15, 28, 29] . Moreover, MC-X demonstrate narrower mesopore size distribution and lower S BET (see Figure S1a , Figure S1b , and Table S1 in the Supplementary Materials) than those of MG-X. These results confirm that the MgO particles and freeze-drying pretreatment both contribute to the formation of pores and result in higher S BET . The SEM, TEM, and nitrogen adsorption-desorption results indicate that the mesoporous graphene materials can be synthesized from potassium humate coupled with magnesium acetate via freeze-drying followed by simple carbonization. MG-X possess higher mesoporosity than MC and larger S BET than MC-X, which make them more promising to electrodes because of considerable specific capacitance and better rate capability [5] .
It can be seen from the XPS spectra that MG-X and MC all possess two main peaks at about 285 and 533 eV (Figure 3(a) ), which were assigned to the C1s and O1s components, respectively. The O/C atomic ratio of MC (0.26) is much higher than those of MG-1 (0.10), MG-3, and MG-5 (both of them are 0.08), suggesting that the MgO particles 4 Journal of Nanomaterials induced catalytic reduction of carbon materials. According to the curve fitting of C1s spectra (Figures 3(b) and 3(c) ), compared with MC, MG-3 presents enhanced nonoxygenated carbon peaks (C = C/C − C) and weakened oxygenated carbon peaks (C − OH/C − O − C, C = O, and O -C = O), confirming such reduction process. More importantly, MG-3 exhibits broadened tail with an additional peak component at 291.4 eV on account of π − π * sp 2 transition, revealing the creation of more aromatic rings in the carbon basal plane [30, 31] . In fact, MgO nanoparticles can increase the graphitic nature of the layered reduced graphene oxide microstructure [32] . The relatively low oxygen content and enhanced sp 2 carbon domain can improve the electrical conductivity of MG-X, which is closely related to their electrochemical performances. However, the MC-1, MC-3, and MC-5 have O/C atomic ratios of 0.39, 0.14, and 0.10, respectively, which are higher than those of MG-X. Thus, the freeze-drying pretreatment can also help to reduce the oxygen content of MG-X, which is mainly due to the looser and thinner graphene nanosheets [33] . To the best of our knowledge, there are few reports about the influences of freeze-drying pretreatment on the reduction of graphite oxide or graphene oxide. More importantly, the reduction reactions took place without any additional reductant and catalyst. The Raman spectra of MG-X exhibit D bands at around 1346 cm −1 and G bands at around 1580 cm −1 (Figure 3(d) ), which correspond to disorder carbons (or defects) and graphitic carbons, respectively [24] . According to Figure S2 in the Supplementary Materials, the I D /I G ratios of MG-1, MG-3, and MG-5 are 2.3, 2.7, and 2.6, respectively, higher than that of MC (1.1). And this result may arise from the smaller size of the newly formed graphitic domains in MG-X [5] . All in all, those three issues influencing the synthesis of mesoporous graphene materials-the graphite oxide preparation, mesopores formation, and reduction process-were addressed facilely and simultaneously. 
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As shown in Figure 4(a) , the GCD curves of MG-X at the current density of 0.041 A·g −1 are highly linear and symmetrical, indicating that the corresponding electrode materials have excellent capacitive behavior and electrochemical reversibility [34] . However, MC exhibits an obvious voltage drop at the beginning of discharge, suggesting inferior (f) Figure 4 : GCD curves of MG-X and MC at the current density of 0.041 A·g −1 (a). Rate capabilities of MG-X and MC (b), CV profiles of MG-X at the scan rate of 1 mV·s −1 (c), CV profiles of MG-3 at different scan rates (d), GCD curves at the current density of 0.033 A·g −1 (e), and rate capabilities (f) of MC-X. 6 Journal of Nanomaterials electrochemical performance with relatively high internal resistance, which is due to its high oxygen content [35] . Based on the GCD curves, the specific capacitances of MG-1, MG-3, and MG-5 calculated from (1) , respectively, and the variation tendency is consistent with that of S BET . The considerable specific capacitances of MG-X are higher than those of some other reported mesoporous graphene materials, such as mesoporous freestanding-reduced graphene oxide-based films [14] and mesoporous-reduced graphene oxide [2] . The dependence of specific capacitance on current density is shown in Figure 4 (b); MG-X exhibit excellent rate capabilities with the capacitance retention of 83% (MG-1), 80% (MG-3), and 75% (MG-5) at a higher current density of 3.3 A·g −1 . More specifically, MG-X can still deliver a high specific capacitance of 150 F·g −1 at 3.3 A·g
. MC has a comparable capacitance to MG-X at the current density of 0.041 A·g −1 but undergoes a sharp decrease in capacitance with a low retention of only 39%. Obviously, the improved rate capability of MG-X is attributed to the excellent mesoporous structure and high electrical conductivity resulting from low oxygen content and enhanced sp 2 carbon domain. The CV curves of MG-X at the scan rate of 1 mV·s −1 (Figure 4(c) ) exhibit a quasirectangular shape without visible distortion, revealing a near-ideal double-layer capacitive behavior. Furthermore, the relatively ideal rectangle shape of CV curves for MG-3 can be well maintained up to 20 mV·s −1 (Figure 4(d) ), confirming the improved rate capability [36] .
According to the GCD curves at 0.033 A·g −1
( Figure 4(e) ), MC-X exhibit a lower specific capacitance of 140~150 F·g −1 because of their relatively low S BET and electrical conductivity based on higher oxygen content. Furthermore, the three materials have an order of MC-1 < MC-3 < MC-5 in terms of the rate capability (Figure 4(f) ), which are in accord with their oxygen content and mesoporosity. On the basis of their relatively low oxygen content and higher mesoporosity, MC-3 and MC-5 also exhibit good rate capability of 75.8% and 88.5% , respectively, at a higher current density of 3.3 A·g . In summary, among all carbon materials prepared in this work, MG-X possess optimal electrochemical performances such as higher specific capacitances and better rate capability.
Electrochemical impedance spectroscopy (EIS) helps to further analyze the electrochemical behavior of the supercapacitors. Figure 5(a) illustrates the Nyquist plots for the supercapacitor with MG-X as electrodes. At the highfrequency region, the intercept at the real axis represents the solution resistance (Rs), which is derived from the intrinsic resistance of the MG-X electrodes, the resistance of the electrolyte, and the contact resistance in electrode/ current collector interface. The MG-1, MG-3, and MG-5 display the relatively low Rs value of~0.12 Ω, indicating good electrical conductivity [37, 38] , which is related to their low oxygen content and enhanced sp 2 carbon domain. There are semicircles in the high-frequency range in the EIS spectrogram of three electrodes, which are caused by the charge transfer resistance (R ct ). The R ct values of the MG-1, MG-3, and MG-5 electrodes are 1, 5, and 7.5 Ω, which are consistent with their rate capabilities. Obviously, the R ct values of MG-X in this study are mainly determined by their V mes /V t or V mes /V mic (see Table 1 ), and the higher the V mes /V t or V mes /V mic is, the lower the R ct value will be. At the low-frequency region, the curves are almost parallel to the ordinate, implying the ideal supercapacitor capacitive [39] . As shown in Figure 5 (b), MC-1, MC-3, and MC-5 exhibit the Rs of about 0.38 Ω, 0.25 Ω, and 0.23 Ω, which are in accordance with their higher oxygen content compared with MG-X, leading to an inferior specific capacitance correspondingly. Furthermore, for MC-X materials, the lower the oxygen content is, the lower the Rs will be, but the rate capability has an opposite trend. . It can be found that MG-5 as electrode shows good cycling stability and high capacitance retention of 98.6% at 1000th/1th discharge, which is comparable to those of porous graphene prepared by KOH activation (98.5%) [23] and hierarchical porous carbon/MnO 2 composites (96%) [40] . The good cycling stability is also based on its high mesoporosity and low electrochemical impedance.
Conclusions
In summary, a facile method was proposed to prepare mesoporous graphene materials from the potassium humate coupled with magnesium acetate. The MgO particles and freeze-drying pretreatment both have significant effects on the morphology and pore structure of MG-X. Moreover, MG-X exhibit a reduced oxygen content with enhanced sp 2 carbon domain, large S BET , and high mesoporosity. As electrodes materials for supercapacitors, MG-X exhibit optimized electrochemical performance including high gravimetric capacitance (150 F·g −1 at 3.3 A·g −1 ), enhanced rate capability with the capacitance retention of~80% from 0.041 to 3.3 A·g −1 , and good cycling performance. This work can pave a smart way to synthesize the mesoporous graphene materials for high-performance supercapacitors.
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